As part of this project, experiments were conducted in intermediate-scale flow cells to examine the impact of physical heterogeneity, non-uniform NAPL distribution, and dilution effects on partitioning tracer test performance and on NAPL dissolution behavior. The results of these experiments demonstrate that partitioning tracer tests can provide accurate measurements of NAPL saturation distributed in domains through which water flow is not constrained. However, the results suggest that partitioning tracer tests may not be able to completely measure NAPL that is entrapped in lower-permeability zones. Although the quantitative performance of the partitioning tracer test may in some cases be constrained by factors such as those investigated herein, the method is a viable tool for characterizing sites that may be contaminated by NAPL.
The aqueous concentrations of TCE and DCA measured in the flow-cell effluent were significantly less than solubility, due primarily to dilution associated with the non-uniform immiscible-liquid distribution and by-pass flow effects associated with physical heterogeneity. A quantitative analysis of flow and transport was conducted using a three-dimensional mathematical model wherein immiscible-liquid distribution, permeability variability, and sampling effects were explicitly considered. Independent values for the global initial dissolution rate coefficients were obtained from dissolution experiments conducted using homogeneously packed columns.
The independent predictions obtained from the model provided good representation of NAPL dissolution and aqueous-phase transport behavior, signifying model robustness. This indicates that for the complex 3-D model, explicit consideration of the larger-scale factors that influenced immiscible-liquid dissolution in the flow cells allowed the use of a dissolution rate coefficient that represents only local-scale mass transfer processes. Conversely, the use of simpler models that did not explicitly consider the non-uniform immiscible-liquid distribution required the use of dissolution rate coefficients that are approximately three orders-of-magnitude smaller than the values obtained from the column experiments. The rate coefficients associated with the simpler models represent composite or lumped coefficients that incorporate the effects of the larger-scale dissolution processes associated with the non-uniform immiscible-liquid distribution, which are not explicitly represented in the simpler models, as well as local-scale mass transfer.
These results demonstrate that local-scale dissolution rate coefficients, such as those obtained from column experiments and which represent local-scale dissolution processes, can be used in models to successfully predict dissolution and transport of immiscible-liquid constituents at larger scales when larger-scale factors influencing dissolution behavior are explicitly accounted for in the model.
Given the potential significance of interfacial and bulk-water retention for contaminant transport and remediation, it is important to consider methods for characterizing these processes at the field scale. Gasphase tracer experiments using a suite of phase-selective partitioning tracers in combination with nonreactive tracers, as presented herein, may be one viable approach. For example, partitioning tracer tests were used successfully to measure the soil-water content for experiments conducted in columns and in a large lysimeter. In addition, the use of partitioning tracer tests to measure effective gas-water interfacial areas was demonstrated.
RESEARCH OBJECTIVES AND BACKGROUND

Goals and Objectives
Non-aqueous phase (immiscible organic) liquids (NAPLs) occur in the subsurface at numerous contaminated sites and can act as long-term sources of both vapor-phase and groundwater contamination. Both effective risk assessment and remediation of NAPL-contaminated sites is limited by current site characterization techniques, which include analysis of soil gas, core sampling, cone penetrometer testing, and monitoring well sampling. A major limitation of these methods is that they provide data at discrete points, such that the probability of sampling a zone of localized NAPL is quite small. Finding and removing dense NAPLs (DNAPL) sources is further complicated because they are denser than water, can migrate below the water table, and move along pathways that may differ from those of water flow.
The overall goal of the proposed project is to explore the use of an innovative in-situ method, partitioning tracer tests, for the detection and quantification of DNAPLs in subsurface systems. In addition, the influence of factors such as physical heterogeneity, non-uniform NAPL distribution, and dilution effects on NAPL-water mass transfer is examined. This latter issue is important with respect to both the efficacy of the partitioning tracer method and the dissolution behavior of NAPLs. Lastly, the use of gas-phase partitioning tracer tests to measure soil-water content and fluid-fluid interfacial areas is evaluated.
The specific objectives that will be addressed to accomplish these goals are as follows:
1.
Investigate the use of partitioning tracer tests to detect and measure NAPL saturation in porous media.
2.
Investigate the effect of rate-limited mass transfer on the transport behavior of partitioning tracers.
3.
Investigate the effect of porous-media heterogeneity, non-uniform NAPL distribution, and dilution effects on the transport behavior of partitioning tracers and on the dissolution behavior of NAPLs.
4.
Evaluate the use of gas-phase partitioning tracer tests to measure soil-water content.
5.
Investigate the use of partitioning tracer tests to measure fluid-fluid interfacial areas in porous media.
6.
Develop and evaluate mathematical models capable of simulating the dissolution of NAPLs and the transport of partitioning tracers in complex systems.
Background
NAPL Characterization and Partitioning Tracer Tests
Soil and groundwater pollution has become one of our most pervasive environmental problems, and remediating contaminated sites has proven to be a formidable challenge. Risk assessments, as well as remediation efforts, are often limited by the complexity of the subsurface environment and by our limited knowledge of that environment. As noted in a National Research 
Gas-Phase Partitioning Tracer Tests and Measuring Soil-Water Content
The work presented above focused on measuring bulk immiscible-liquid saturation in watersaturated zones using partitioning tracer tests based on water flow. A similar approach could also be used to measure immiscible-liquid saturation in the vadose zone. However, given the relative rates of water and gas flow, a more practical approach would be to conduct gas-phase partitioning tracer tests. The major difference between gas-and water-phase tracer tests is the selection of the tracers to reflect the gas phase as the mobile fluid. The use of gas-phase partitioning tracer tests to determine residual oil saturation in gas-saturated petroleum reservoirs was introduced by Tang and Harker (27) . More recently, the use of gas-phase partitioning tracer tests to measure immiscibleliquid contamination in vadose-zone systems has been examined in laboratory (28, 29) and field (30-
33) experiments.
For applications involving gas-phase partitioning tracers, it is important to evaluate the potential retention of the partitioning tracers by water. Such retention, if not accounted for, could result in erroneous estimates of NAPL saturation. Thus, the water-partitioning behavior of the compounds must be known, as well as the soil-water content of the target domain. There are several methods with which to measure soil-water content, such as neutron thermalization, timedomain reflectometry, and gravimetric analysis of core samples. These methods have a history of successful use. However, the majority of methods in current use provide "point values" of soilwater content (i.e., small sample volumes). While this is an advantage for obtaining accurate information at small scales, it is a disadvantage for determining soil-water contents for larger (field)
scales. The partitioning-tracer concept can be applied in this situation to develop a larger-scale method for measuring soil-water content, as discussed by Brusseau et al. (34) . Such a method would be of interest not only for evaluating the total retention of NAPL-phase partitioning tracers during NAPL characterization activities, but for many other activities, given the critical importance of soil-water content to agriculture, forestry, hydrology, and engineering.
The application of gas-phase partitioning tracer tests for measuring soil-water content has been recently demonstrated at the laboratory scale (34, 35) . In related work, Deeds et al. (36) used column experiments to measure the Henry's coefficient for a water partitioning tracer (difluoromethane), with the assumption that the tracer measured all of the water. Water-partitioning tracer tests have also been conducted at the field scale, in association with gas-phase partitioning tracer tests designed to characterize immiscible-liquid contamination in vadose-zone systems (30) (31) (32) . However, the soil-water contents obtained in these tests were not compared to independently measured values. Thus, the efficacy of the method for field-scale applications needs to be further evaluated. As a first step, a series of intermediate-scale experiments were conducted as part of this project.
Fluid-Fluid Interfacial Areas
The interfaces between immiscible organic liquid and water, between organic liquid and air, and between water and air are of great significance for contaminant transport in the subsurface.
The interfacial areas are, in part, reflections of the pore-scale distribution of the fluids in the porous medium. As such, knowledge of the interfacial areas could provide insight into the movement and redistribution behavior of the fluids in the system. In addition, mass transfer across an interface is a function of the interfacial area. Thus, knowledge of the interfacial areas would provide greater understanding of mass-transfer phenomena, such as dissolution and evaporation of immiscible organic liquids. Fluid-fluid interfaces may also directly influence the retention behavior of volatile organic contaminants. For example, accumulation of organic contaminants at the air-water interface has been shown to influence t heir retention (37) (38) (39) and transport (34, 40, 41) behavior in unsaturated systems.
The magnitude and disposition of fluid-fluid interfaces in porous media is clearly of great significance. Unfortunately, measuring interfacial areas has to date been problematic. A recent surge in interest in this topic, however, has led to several potentially viable approaches. Static column methods based on the use of water-insoluble surfactants have recently been proposed as a means to measure interfacial areas (42) (43) (44) (45) . In addition, experimental methods based on visualization techniques have been proposed (e.g., 46). These methods have shown promise for estimating or measuring interfacial areas for simplified, well-controlled laboratory systems, which will enhance our ability to examine flow and transport processes. However, given the limitations inherent to these methods, it is unlikely that they can be used routinely for complex systems or for in-situ applications. The interfacial partitioning tracer test is an alternative method that may be better suited for these latter applications.
The application of the aqueous-phase interfacial partitioning tracer method has recently been illustrated with several laboratory investigations conducted using sand-packed columns. values that were similar to those estimated using geometric and thermodynamic models.
Brusseau et al. (34) used a gas-phase partitioning tracer method t o measure air-water interfacial areas in unsaturated packed columns. They used the interfacial area determined from the partitioning tracer (heptane) test to successfully predict the retardation and transport of trichloroethene in the same system. This i nformation was used to help evaluate the relative contributions of (solid-phase) sorption, retention in bulk water, and interfacial accumulation to retardation of volatile organic contaminants during gas-phase transport in unsaturated porous media.
Kim et al. (35) used decane as a gas-phase interfacial partitioning tracer and observed increasing interfacial areas as soil-water content decreased. In addition, the interfacial areas obtained with the gas-phase method were larger than those obtained using the aqueous-phase tracer method.
Clearly, the use of partitioning tracer tests as a method for measuring fluid-fluid interfacial areas is in its infancy, and much more research is needed to fully define its potential as well as its limitations. In addition, research is needed to examine the results obtained from the various methods (static, aqueous-phase dynamic, gas-phase dynamic), and to characterize any observed differences. Furthermore, mathematical models incorporating fluid-fluid interfacial areas need to be developed and evaluated. Such developmental work was a component of this project. A fully automated dual-energy (280 mCi Americium and 100 mCi Cesium) gamma radiation system was used to measure the immiscible-liquid saturations in the flow cells. To obtain saturation measurements, the flow cells were scanned prior to the start of each dissolution experiment and at the completion of each dissolution experiment. An additional scan was conducted midway through the second experiment.
METHODS AND RESULTS
This
Because the immiscible liquid was added to the flow cells concurrent with packing, it was necessary to remove all immiscible liquid from the zones prior to obtaining Abackground@ measurements. This was done by flushing the flow cells with a 4% anionic-surfactant solution. The counting times for all scans were 60 seconds per location. Measurement uncertainty ranged from approximately 1% for immiscible-liquid saturations of 10%, to 4% for saturations of 0.1%, which is effectively considered to be the quantifiable detection limit.
The saturations estimated using the tracer data collected at sampling ports located downgradient of Zone 2 (medium-grained sand) were approximately 90% to 100% of the gammameasured value, indicating accurate performance of the partitioning tracer method. However, the saturations estimated using the tracer data obtained from downgradient of Zone 1 (fine-grained sand surrounded by medium-grained sand) were less than 10% of the gamma-measured value. Finally, the saturation estimated using the extraction-well data was about 50% of the cell-wide averaged The results of these experiments demonstrate that partitioning tracer tests can provide accurate measurements of NAPL saturation distributed in domains through which water flow is not constrained.
However, the results suggest that partitioning tracer tests may not be able to completely measure NAPL that is entrapped in lower-permeability zones. Although the quantitative performance of the partitioning tracer test may in some cases be constrained by factors such as those investigated herein, the method is a viable tool for characterizing sites that may be contaminated by NAPL. At sites where the presence of NAPL is suspected, but not confirmed, partitioning tracers may be useful as "detectors" of NAPL saturation.
Partitioning tracers may also be useful as "performance indicators" of a chosen remedial action. Tracer tests can be conducted before, during, and after site clean up to evaluate the relative performance of the remediation system. Additional research in this area is certainly justified due to a continued need to characterize the large number of sites contaminated by complex and persistent NAPL phases.
The Impact of Physical Heterogeneity, Non-uniform NAPL Distribution, and Dilution Effects on NAPL Dissolution
Relevant Publication: Aqueous samples were collected using depth-specific sampling ports, vertically integrated sampling ports, and at the fully screened extraction well. A dual-energy gamma radiation system was used to measure TCE saturation before and after the experiment.
The results indicate that mass removal occurred relatively uniformly across the upgradient edge of zone 2, and continued progressively along the longitudinal axis of the zone throughout the course of flushing.
Conversely, mass removal was confined primarily to the perimeter of zone 1. The magnitude of the aqueous-phase TCE concentrations varied as a function of location and sampling method. The concentrations measured at the point-sampling ports downgradient of zone 2 were close to the value of aqueous solubility. Conversely, the concentrations measured at the point-sampling ports downgradient of zone 1 were about one-fourth of solubility. The TCE concentrations measured at the vertically integrated ports and at the extraction well were significantly less than the concentrations measured at the pointsampling ports. Given that substantial TCE saturation remained at the end of the experiment, the less-thansolubility concentrations observed for zone 1 and for the extraction well appear to reflect in part a steady state dynamic equilibrium with the physical-heterogeneity induced nonuniform flow field. The less-thansolubility concentrations, especially for the integrated ports and the extraction well, were also influenced significantly by sampling-associated dilution related to the nonuniform NAPL distribution. These results demonstrate that local-scale dissolution rate coefficients, such as those obtained from column experiments and which represent local-scale dissolution processes, can be used in models to successfully predict dissolution and transport of immiscible-liquid constituents at larger scales when larger-scale factors influencing dissolution behavior are explicitly accounted for in the model.
Measuring Soil-Water Content
Relevant Publication: for data collection and storage. Software (PC208W, Campbell Scientific) for a personal computer connected to the data logger allows real time monitoring of all data during the experiment.
Several tracer experiments were conducted in the lysimeter. For the first experiment, a non-partitioning tracer (SF6) was used to test the flow system and gas-sampling techniques, and to obtain estimates of travel times. For the second, third and fourth experiments, SF6 was used as the non-partitioning tracer and bromochlorodifluoromethane, dibromodifluoromethane, or trichlorofluoromethane was used as the water-partitioning tracer. These experiments were conducted ar a relatively low soil-water content. A fifth experiment was conducted at a higher soilwater content.
For the lower soil-water content, values of 0.04, 0.06, and 0.06 were calculated for the soil-water content using the tracer data collected at the effluent sampling location for bromochlorodifluoromethane, dibromodifluoromethane, and trichlorofluoromethane, respectively.
These values, especially the latter two, compare favorably to independently measured values obtained using gravimetric analysis of core samples (0.06) and time-domain-reflectometry (0.06).
For the higher soil-water content, a value of 0.12 was calculated for the soil-water content using the tracer data collected at the effluent sampling location for trichlorofluoromethane. This value is relatively close to independently measured values obtained using time-domain-reflectometry (0.15), neutron thermalization (0.15), and conversion of soil-tension data (0.15). These results suggest that the gas-phase partitioning tracer method holds promise as a means to measure soil-water content.
Measuring Fluid-Fluid Interfacial Areas
Relevant Publication:
Brusseau, M.L., Popovi…ová, J., and Silva, J. Characterizing Gas-Water-Interfacial and Bulk-Water Partitioning for Gas-Phase Transport of Organic Contaminants in Unsaturated Porous Media.
Environmental Science and Technology, 31(6), 1645-1649, 1997.
This study was performed to investigate the impact of interfacial and bulk-water partitioning on the retention and retardation of gas-phase contaminants during transport in unsaturated porous media. Gasflow experiments were conducted using columns packed with three types of sandy porous media. Moisture contents were 11.9%, 16.0%, and 9.4% for the columns packed with glass beads, silica sand, and aquifer material, respectively.
Contaminant retardation was the sum of retention by the gas, aqueous, and solid phases, and accumulation at the gas-water interface. The results indicated that 29 to 73% of total trichloroethene retardation was due to accumulation at the gas-water interface, depending on porous-media type.
Partitioning into the bulk water accounted for 12 to 30% of total trichloroethene retardation for the various systems. Sorption by the solid phase was relatively small.
Given the potential significance of interfacial and bulk-water retention for contaminant transport and remediation, it is important to consider methods for characterizing these processes at the field scale. Gas-phase tracer experiments using a suite of phase-selective partitioning tracers in combination with nonreactive tracers, as presented herein, may be one viable approach. For example, CO 2 was used successfully to measure the bulk water content of the system, and heptane was used to determine the effective gas-water interfacial area. Measurements obtained from use of these tracers were employed successfully to predict the retardation observed for trichloroethene.
Relevant Publication: A gas-phase miscible-displacement method, using decane as the interfacial tracer, was used to measure air-water interfacial areas at water contents ranging from ~2-20%. Experiments were conducted using a natural porous medium, Vinton fine sand. Decane was observed to demonstrate relatively ideal interfacial tracer properties, including that its dominant retention mechanism was adsorption at the air-water interface. The interfacial areas measured using decane displayed the expected trend of decreasing interfacial area with increasing water content. The maximum estimated interfacial area of 19,500 cm -1 appears reasonable in that it is smaller than the measured total specific surface area of the medium (60,888 cm -1 ), and is in the same range as the measured external surface area.
Comparison of the experimental data presented herein with literature data provided further insight into the nature of the air-water interface in porous media. Specifically, comparison of gasand aqueous-phase data indicates that the gas-phase method generally yields larger interfacial areas than do the aqueous-phase methods, even when differences in water content and physical properties of the porous media are accounted for. The observations are consistent with proposed differences in interfacial domains accessed by the aqueous-and gas-phase interfacial tracers. Evaluation of the data in light of functional interfacial domains leads to the hypothesis that aqueous interfacial tracers measure primarily air-water interfaces formed by Acapillary water@, while gas-phase tracers measure air-water interfaces formed by both capillarity and adsorbed water. The data further indicate that adsorbed-water domains may comprise a larger fraction of the total air-water interfacial area for systems examined here. A deeper understanding of the functional interfacial domains and their link to existing interfacial area methods will serve to improve the methods and the interpretation of their results.
The surfactant-and gaseous tracer methods appear complimentary, in that the two are most readily applied to different water-content ranges. The gaseous tracer method is expected to perform better at low to intermediate water contents, where disconnected air-porosity is less significant. For analogous reasons, the aqueous tracer method is restricted to higher water-content systems. In addition, the gas-and aqueous-phase methods may each provide interfacial area information that is more relevant to specific problems of interest. For example, gas-phase interfacial area measurements may be most relevant to contaminant transport in unsaturated systems, where retention at the air-water interface may be significant. Conversely, the aqueous-phase methods may yield information with direct bearing on multiphase flow processes that are dominated by capillary-phase behavior.
Development of Mathematical Models
Relevant Publication: Additional model development work for this project was undertaken to construct a model to describe NAPL dissolution and partitioning tracer transport in heterogeneous systems. As previously described, this model was used to examine the effect of non-uniform distributions of non-aqueous phase immiscible liquid (NAPL) on dissolution behavior, with a specific focus on the condition-dependency of dissolution (i.e., mass transfer) rate coefficients. The results of this work were described above in subsection 2.
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